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I. INTRODUCTION

R
ECENT advances in performance improvement as well as long length fabrication technology of Bi-2223/Ag tape conductors have continuously stimulated the high-superconducting (HTS) power applications. As one of such most promising candidates for commercialization is HTS power transmission cable, and have intensively and extensively been developed in the world [1] - [5] . Especially, Tokyo Electric Power Co. (TEPCO) and Sumitomo Electric Industries, Ltd. (SEI) in Japan had already fabricated and successfully tested a 100 m class HTS cable system [2] , [3] . As a next step, a 500 m length HTS cable has been installed and under testing as Super-ACE national project [6] .
In order to realize such HTS cable system, their performances have to be estimated precisely. Current transport properties in HTS, however, vary complicatedly and nonlinearly depending on the operational temperature, experienced magnetic field, its applied direction (magnetic anisotropy) and so forth. Furthermore, HTS cable generally consists of Bi-2223/Ag tapes that has multifilamentary structure, and such tapes are wound spirally around the former. Therefore, the effect of such complicated structures upon the cable performance has also to be investigated.
In this paper, we developed the analysis code for magnetic shielding layers of HTS cable based on 3-dimensional finite element method (3D-FEM). These HTS shielding layers are crucial for avoidance of leakage magnetic field induced from the conducting layers. The current shielding performance is evaluated for arbitrary temperature, magnetic field and its applied direction by using analytical expressions of current transport properties. The analysis results are to be presented for different conducting currents and operating temperatures.
II. ANALYSIS METHOD
A. -Constitutive Relation
In this study, we consider the constitutive relation based on percolation depinning model, which has been proposed by Yamafuji and Kiss [7] , and then formulated by Kiss et al. [8] . Further, we have extended the expression in order to describe the magnetic anisotropy [9] . The detailed expressions are shown as follows:
(1) (2) where, and denote the uniform flux-flow resistivity and the parameter describing the shape of the local critical current density distribution. is defined as the angle between the applied direction of external magnetic field and the normal axis with respect to the tape's surface.
and , respectively, mean the minimum value and width of the local critical current distribution, and expressed as follows: (3) (4) where, and are the coefficients, and , and are indices. Further, and are so-called glass-liquid transition magnetic flux density and the equivalently perpendicular magnetic flux density, respectively, and expressed as, where, denotes the anisotropy factor, and is critical temperature. We also determine the threshold values for the current density, [10] . That is, when at one mesh in Bi-2223 filaments is less than the self-field, , the current density at this mesh is set to the constant value calculated by using (1)- (6) with . Here is defined by the field at which curve calculated using (1)-(6) equals one obtained from the measurement at self-field. For instance, Fig. 1 shows the double logarithmic plots of defined by the electric field criterion at , as a function of . When , the current density is determined by (1)- (6) . On the other hand, is set to be a constant value in case of . Fig. 2 shows the analysis model of HTS cable. The shielding layers are only considered for the analysis, and the conducting layers are treated as current sheets (total conducting current: ). The number of the shielding layers is 2, and each of them consists of 20 tape conductors surrounding the conducting layers. The spiral pitch length is 500 mm. By using the symmetry of the electromagnetic field, the length along z-axis with 1/20 of the spiral pitch is only modeled, and then the upper-as well as lower-most surface is set to be parallel periodic boundary condition. In other words, we assume the infinitely long length of the HTS cable, and the shielding current is considered to be only induced by the magnetic field generated by the conducting current, . As is already shown, constitutive relation in this analysis includes the magnetic anisotropy. Therefore, the applied direction of the magnetic field with respect to the surface of each mesh should be determined in Bi-2223 filaments. In order to calculate the applied angle, , the following expression can easily be derived. (7) where, denotes the i-axis component of the magnetic flux density. Parameters and mean, respectively, the spiral pitch and mean radius of each mesh in the shielding layers. Fig. 4 shows the contour plots of, respectively, (a) magnetic flux density and (b) current density obtained for and . We can see that the shielding current is concentrated in the Bi-2223 filaments at this operating condition (Fig. 4(b) ). By using these results, the distribution of electromagnetic field is calculated. Fig. 5 shows the distributions of (a) magnetic flux density and (b) current density along A-A , B-B and C-C (see Fig. 3 for positions of these three lines). It can be seen that the magnetic flux density is almost shielded by only one shielding layer, i.e., each of lines passes through one layer. Further, the distribution of current density in the 1st and 2nd layer is almost consistent (Fig. 5(b) ), because is less than . That is, the critical current property has no magnetic field dependence for this value of conducting current. On the other hand, analysis results for is also shown in Fig. 6 . This value is considered to be fault current and much flux is leaked outside. As can be seen in (b), the current density is decreased by reducing due to the magnetic field dependency as well as magnetic anisotropy of curves. That is, becomes greater than for this current value (see Fig. 1 ). Table I shows the calculation results of AC losses for different conducting current values at . Here, the first index denotes the layer number (1: first layer, 2: second layer), and the second means the calculation region (Bi: Bi-2223 superconducting area, Ag: silver area, total: Bi Ag). As can be seen, the AC loss for Bi-2223 region, e.g.,
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, is more than one order greater than that for silver area, e.g., , at . This is because a large shielding current flows in the Bi-2223 filaments. On the other hand, AC loss of Bi-2223 filaments is comparable to that of silver sheath due to the large current sharing at . Total loss is enlarged enormously by increasing conducting current from 3.8 kA to 19 kA. Namely, increment of conducting current at 5 times results in enlargement of AC loss at 80 times, and this result is ascribed to the nonlinear current transport properties of Bi-2223 superconducting tape. 
B. Shielding Performance for Different Operating Temperatures
The shielding performance is also analyzed for different operating temperatures, i.e., 77.3 K and 70.0 K. The temperature at 70.0 K is regarded as the subcooled condition. In this subsection, the conducting current at 19 kA is considered. Fig. 7 shows the analysis results. The distribution of magnetic flux density, as well as current density, is plotted along A-A (see Fig. 3 for A-A ). As can be easily seen, the shielding characteristics is improved by decreasing the temperature from 77.3 K to 70.0 K, i.e., the leakage flux is reduced to be half at ( Fig. 7(a) ). This is surely because of the improvement of current transport capability. Therefore, the current density flowing in the Bi-2223 filaments is enlarged at 70.0 K (Fig. 7(b) ). Table II shows the comparison of AC losses. It can be seen that the AC losses in Bi-2223 filaments, e.g., , are enlarged by decreasing the operating temperature, and then that in silver sheath, e.g., , is reduced correspondingly. Namely, the current sharing to the silver sheath is suppressed by decreasing the operating temperature, because of the improvement of property in Bi-2223 filaments. Therefore, the resultant total ( ) loss is reduced.
IV. CONCLUSION
The analysis code of the shielding layers in HTS cable was developed taking account of the multifilamentary structure for Bi-2223/Ag tape and the spiral structure for the conductor. The constitutive relation, which can express quantitatively the dependencies of temperature, magnetic field intensity and its applied direction, was introduced for 3-dimensional finite element method. As demonstrations, the shielding performances for different conducting currents and operating temperatures were investigated. It should be noted that the above mentioned characteristics can be estimated quantitatively and systematically by using our analysis code.
However, the analysis code that includes not only the shielding layers but also the conducting layers has to be developed for the exact estimation of the cable performance and the optimal design of the system, and then this will be our next target.
